Abstract-A heterogeneous substrate is designed when the permittivity of a substrate is changed as a function of location. Due to non-uniformity of the electric fields in a patch, loading of different areas with heterogeneous dielectrics can change behavior. In this paper heterogeneous substrates are employed to increase the bandwidth of a patch by combining its first and second resonance.
INTRODUCTION
Microstrip antennas are light weight, low profile, conformal structures which are easily integrated with other elements of the circuitry. These structures however have inherently a narrow bandwidth which limits their use [1] . Various designs like planar inverted F antennas, stacked patches, defected ground planes and parasitic elements have been proposed for increasing the bandwidth of microstrip antennas [1] [2] [3] [4] [5] [6] .
Heterogeneous substrates yield different values of permittivity at different locations in a substrate and are employed to enhance the electromagnetic performance of microstrip antennas [7] . These substrates have been used for lowering the effective dielectric index of the substrates; suppress the surface waves emanating from the patch; reduce the insertion loss of filters; improve the radiation pattern of a patch and decrease mutual couplings among the antenna elements of an array [8] [9] [10] [11] [12] . These substrates are usually synthesized by drilling holes inside a substrate, removal of a section of the substrate and embedding a material with different dielectric properties inside the substrate [8] , [13] [14] . Recently, it was proposed that additive manufacturing techniques and 3-D printing can also be used for manufacturing heterogeneous substrates [15] , [16] .
The electric fields of a patch vary along its surface and introducing non-homogeneity in the substrate at different locations perturbs the behavior of the patch differently. The electric fields are generally highest at the radiating edges for the resonant frequency of the patch, thus changing the permittivity locally, in this region affects the performance of the patch the most [7] . A larger change in the permittivity of the introduced dielectric loading at the same location produces a larger effect hence just like the location of non-homogeneity, the dielectric properties of this newly introduced material are also very important and need to be taken into account while tailoring the response of the radiator, in order to get the desired results. By carefully controlling the permittivity and location of the introduced dielectric inside the substrate, the first and second resonances of a rectangular microstrip antenna are combined leading to an increase in the overall bandwidth of the structure.
II. ANTENNA GEOMETRY
The patch is placed on a 76x76mm 2 , 3.5mm thick Rogers RU-3003 substrate, having a loss tangent of 0.013 and relative permittivity of 3. Slots have been cut inside the substrate and are symmetrical along the edges of the patch. Slots along yaxis are have a length of 38mm, a width of 6mm and are filled with Rogers-RT/Duroid-5880, a material having a relative permittivity of 2.2 and a loss tangent of 0.0009. 978-1-4799-0091-6/13/$31.00 ©2013 IEEE Along x-axis the slots are 46mm long, 9mm wide and airfilled. Figure 1 illustrates the substrate and the embedded slots along with their dimensions and local relative permittivity.
The impedance matching is dependent on the feed position for a probe feed. In this design the feed has to be placed in such a way that a better match for both resonances is obtained. The two resonances are from the perpendicular edges of the patch so the feed is off-set with respect to both axes. The patch is 47mm in length (along y-axis) and 40mm in width (along x-axis) and is shown in Figure 2 along with the position of the feed.
III. RESULTS AND DISCUSSION
The bandwidth of a microstrip patch is improved by using heterogeneous substrates. These substrates are prepared by cutting slots of different size and relative permittivity in the substrate. The underlying principle is that the electric fields of a patch are non-uniformly distributed therefore introducing a non-homogeneity in a substrate at different location under the patch produces different results. The slots introduced in the substrate at the center of the patch where the electric fields are low, produce a very small effect in comparison to the slots at the edges of the patch where electric fields are high therefore by controlling the size, relative permittivity and position of the slots, the resonances from the perpendicular edges of the patch can be combined which increases the bandwidth of the antenna. The Rogers RT/Duroid-5880 filled slots along y-axis affect the second resonance the most whereas the air filled slots along the x-axis have a larger impact on the first resonance. The sizes of both slots are optimized to combine the resonances due to the perpendicular edges of the patch and have a larger bandwidth. Low loss materials have been used for preparing this heterogeneous substrate. The total bandwidth for heterogeneous substrate antenna is approximately 0.19GHz. Figure 3 and Figure 4 show the electric fields in the heterogeneous substrate patch at both resonances. The first resonance occurs at 2.12GHz and is due to the edges of the patch oriented along x-axis as indicated by Figure 3 , which shows a high concentration of electric fields around these edges. Figure 4 demonstrates the electric fields at 2.22GHz, the second resonance which is due to the edges of the patch placed along y-axis. This concept is reinforced by high values of electric fields along these edges. The return loss for this antenna is shown in Figure 5 . The co-polar and cross-polar radiation patterns for both resonances are shown in Figure 6 and Figure 7 .
This antenna is then compared with another antenna which has the exact same physical attributes except for having a homogeneous Rogers RU-3003 substrate. The homogeneous substrate antenna has a 10-dB impedance bandwidth of 0.03GHz, with its first resonance occurring at 1.77GHz. Its second resonance is at 2.02GHz and the antenna has a 10-dB impedance bandwidth of 0.06 GHz for the second resonance.
In order to keep the resonant frequency of the antenna on a 3.5mm thick Rogers RU-3003 substrate the same, the length and width of the homogeneous antenna was reduced to 38mm and 32mm respectively. This antenna had a resonant frequency of 2.15 GHz and a bandwidth of 0.05GHz. The feed position of this antenna was optimized in order to achieve a better impedance match at the resonant frequency.
All antennas are simulated in EMPIRE XCcEL software which uses finite difference time domain (FDTD) algorithm.
IV. CONCLUSION
A heterogeneous substrate antenna is proposed for improving the 10-dB impedance bandwidth. Heterogeneous substrate is prepared by cutting slots in a homogeneous substrate block. The electric fields of a patch are non-uniform and by placing the slots of different dielectric index at the perpendicular edges of the patch, the resonances due to both slots are affected differently. These resonances are then brought together to enhance the bandwidth of the proposed antenna. 
